We describe a combined ambient pressure photoelectron spectroscopy/droplet train apparatus for investigating the nature and heterogeneous chemistry of liquid/vapor interfaces. In this instrument a liquid droplet train with typical droplet diameters from 50…150 µm is produced by a vibrating orifice aerosol generator (VOAG). The droplets are irradiated by soft X-rays (100…1500 eV) in front of the entrance aperture of a differentially pumped electrostatic lens system that transfers the emitted electrons into a conventional hemispherical electron analyzer.
INTRODUCTION
The properties of liquid/vapor interfaces strongly influence the abundance and reactivity of trace gas molecules that are important for many heterogeneous processes in atmospheric and environmental chemistry. In particular aqueous aerosols catalyze many heterogeneous reactions in the troposphere and can act as both sinks (for, e.g., HNO 3 , HCl, N 2 O 5 1 ) and sources (e.g., halogen radicals 2 ) for atmospheric trace gases. To date, little is known about the concentration of solution phase species at the liquid/vapor interface, which can significantly differ from the bulk solution concentration and is an important quantity in the modeling of heterogeneous reactions at liquid/vapor interfaces. 3, 4 Of particular importance in atmospheric and environmental science are aqueous solution interfaces. Under ambient conditions the vapor pressure of water or aqueous solutions is in the mTorr to Torr range (e.g., the equilibrium vapor pressure of water at its melting point is 4.58
Torr). A direct measurement of the liquid/vapor interface under ambient conditions is difficult due to the limited number of surface-sensitive experimental techniques that are chemically specific and can operate at elevated pressures in the Torr range. Scanning probe techniques 5, 6 as well as non-linear optical spectroscopies such as sum-frequency generation (SFG) and secondharmonic generation (SHG) 7, 8 are capable of operating under non-Ultra-High Vacuum (UHV)
conditions and have been used to study vapor/liquid interfaces. In general, however, it is difficult for these techniques to provide quantitative information about the chemical composition at the interface.
X-ray photoelectron spectroscopy (XPS) is a surface sensitive method that is elementspecific, quantitative and allows chemical identification of constituents in the surface region (e.g. their oxidation state). 9 The application of XPS to the study of liquid/vapor interfaces is, however, not straightforward. Due to elastic and inelastic scattering of electrons by gas phase molecules at elevated pressures, the sample in conventional XPS instruments has to be kept under UHV conditions. The attenuation of the photoelectron signal in a gas environment is proportional to exp(-zσp/kT), where σ is the electron scattering cross section, and z the distance that the electrons travel through a volume at pressure p. In order to perform XPS experiments at elevated pressures, the path length of the electrons through the gas has to be minimized. This can be
In addition to the scattering of electrons by gas molecules, there are other obstacles to overcome in ambient pressure XPS instruments, namely that the X-ray source (synchrotron or anode) and the electron analyzer have to be kept under UHV. The X-ray source can be separated from the high pressure region either by differential pumping or by use of X-ray transparent windows, such as Al or SiN x membranes with thicknesses in the 100 nm range. The electron analyzer is kept under high vacuum using differential pumping between the sample cell and the analyzer. Depending on the aperture dimension (normally on the order of 0.1…10 mm 2 ), pumping speed and the type of gas pumped, typical pressure differentials across apertures vary from 10 -4 …10 -2 , respectively. Therefore, for pressures in the Torr range in the sample cell (as needed for aqueous solutions) several differential pumping stages are required, which in turn reduce the solid angle of collection of electrons, depending on the aperture sizes and spacing.
Traditionally, the effective pressure limit in ambient pressure XPS has been 1 Torr. Siegbahn, yet with a larger aperture diameter (0.7 mm) at a flow rate of 1 ml/min. 10 The instrument that we describe here is a combination of ambient pressure XPS at pressures of up to 5 Torr and a vibrating orifice aerosol generator (VOAG) that produces a droplet train with droplets of stable size and spacing. Droplet trains have been used for some time in atmospheric science experiments to measure the uptake kinetics of gases by liquids. 29, 30 The advantage over the wire, trundle or rotating disk approach is that the droplet train (like the liquid jet) provides a continuously refreshed liquid surface from a reservoir that has not been in contact with the chamber atmosphere, preventing the accumulation of background gas contamination on the liquid surface. The advantage of droplet trains over liquid jets is that the droplets in the train are stable over long distances (up to 40 cm at p < 60 Torr 30 and about a meter at p < 20 Torr 31 ), while liquid jets break up within a few centimeters after the aperture due to Raleigh instabilities in the liquid column. Droplet trains therefore allow one to vary the exposure time of the liquid surface to a surrounding gas over a much longer time scale than for a liquid jet.
In addition, the background vapor pressure in a droplet train setup provides a means of controlling the temperature of the droplet surface, which will, after an equilibration time, match the temperature of a liquid surface in equilibrium with the vapor pressure of the background. A combined ambient pressure XPS/droplet train experiment is therefore well suited to examine the kinetics of chemical reactions at the liquid/vapor interface, which are of importance in atmospheric and environmental chemistry.
In the following we describe the experimental setup of a prototype of a combined ambient pressure XPS/droplet train experiment and discuss the main issues in the experiments.
We will conclude by providing an example of our first XPS measurements on 0.21 mole fraction (χ = 0.21) aqueous methanol droplets, addressing specifically the concentration enhancement of methanol at the solution/vapor interface.
TECHNICAL DETAILS
The instrument described here combines the synchrotron-based ambient pressure photoemission spectrometer at beamline 11.0.2 (see Ref. 20) at the ALS with a VOAG. A schematic of the setup is shown in Fig. 1 . Liquid from an external reservoir is pumped by an HPLC pump 32 at flow rates in the ml/min range through 3.2 mm diameter Teflon tubing. After the pump the liquid passes through a 0.5 µm particle filter 33 to remove particulate impurities in the liquid, which could cause clogging of the orifice. The liquid is then forced through a stainless steel orifice 34 (30 to 75 µm diameter) mounted on a piezoelectric element 35 . By oscillating the orifice using the piezoelectric element (~10 V peak-to-peak and ~20-100 kHz) the liquid jet is broken up into regular droplets with a diameter that depends on both the flow rate and the driving frequency of the piezo. Similar experimental set-ups have been used in the past to generate liquid droplet trains. 29, 30 This train of droplets is positioned close to the entrance aperture of the electrostatic lens system of the ambient pressure XPS endstation, using a laser diode as an alignment guide that is directed down the optical axis of the electrostatic lens. Incident photons from beamline 11.0.2 irradiate the droplets in front of the aperture, and the emitted electrons are collected by the differentially-pumped lens system. A chilled liquid reservoir at the bottom of the chamber collects the droplets. The temperature of the collected liquid in the reservoir controls the background vapor pressure in the chamber.
The inset in Fig. 1 shows a close-up of the aperture region viewed from the top, i.e.
parallel to the direction of the droplet train. Droplets pass the aperture at a distance of about two aperture diameters since at this distance the gas pressure (which drops rapidly across the plane of the aperture) has recovered to about 98% of the background pressure. 19 Electrons are detected under the "magic angle" (54.7 deg) relative to the polarization of the incident photon beam which simplifies quantitative analysis of the XPS spectra. 36 Since the spot size of the incident X-ray beam at beamline 11.0.2 can be adjusted to the size of the droplets (about several tens of micrometers) and is well within the acceptance area of the electrostatic lens of the electron analyzer (on the order of the first aperture diameter, e.g. 100 to 300 µm), photoelectrons emitted from the droplet surface can be measured with high efficiency. The incident photon beam not only irradiates the droplet surface but also the gas in front of the droplets and in the gaps between them. Therefore, gas phase XPS peaks are also observed in the spectra. Since the binding energies of gas phase and condensed species differ from each other 37 , the surface peaks can in most cases readily be identified and analyzed from the XPS spectrum. Moreover, the composition of the gas phase can be determined from the gas phase XPS peaks at partial pressures above ~0.05 Torr, and allows calibration of sensitivity factors for quantitative XPS analysis. In addition, each droplet is irradiated only for a few microseconds by the incident X-rays thereby minimizing beam damage. For example, halides and organic molecules, which are important species in atmospheric and environmental science, are easily damaged by X-rays. 38 Another advantage is that the interaction time of the droplet surface with gas molecules can be varied over a range from about 1 to 20 ms, i.e. the reaction kinetics at liquid surfaces as a function of exposure time to a gaseous environment can be measured. In the setup described in this paper kinetic experiments are not straightforward, because the droplets and the reservoir are in contact with the background vapor and thus both can possibly react. Ideally, the droplet interaction region is isolated from both the droplet generation and droplet collection chambers, as described e.g. in Ref. 30 . We are currently working on such a setup in our laboratory that will allow us to perform true kinetic measurements of gas uptake by liquid surfaces.
PROOF OF PRINCIPLE EXPERIMENTS
To test the feasibility of combined droplet train/photoemission experiments we have performed measurements on mixed methanol/water solutions. The goal of these experiments is to determine the composition of the methanol solution/vapor interface, in particular addressing the possibility of segregation of methanol to the vapor/solution interface, as suggested from Molecular Dynamics simulations 39, 40 and SFG measurements. 41, 42, 43, 44 Since the probing depth in XPS depends on the kinetic energy of the photoelectrons, which in turn is determined by the incident photon energy, depth-profiles of the stoichiometry at the solution/vapor interface can be measured, in the case described here up to a depth of about 2 nm.
Droplets were prepared from a solution with a methanol mole fraction of χ = 0.21 (corresponding to 37.5% methanol) using an orifice with a diameter of 50 µm, a flow rate of 2.2 ml/min and an excitation frequency of 54 kHz, which yields a nominal droplet diameter of 110 µm and a droplet speed of 1870 cm/s (see above). The distance between the VOAG and the measurement position was 3 cm. The droplet reservoir was chilled to -25 °C, with a measured background vapor pressure in the chamber of 2.5 Torr. Figure 3 shows C1s and O1s photoemission spectra of the droplets. The C1s and O1s spectra were taken using incident photon energies of 730 eV and 938 eV, respectively, i.e. the photoelectrons in those spectra had a similar kinetic energy of ~450 eV. The combined analyzer/beamline resolution was about 0.5 eV. The position of the droplet train relative to the incident photon beam and the electron spectrometer was stable for several hours and allowed continuous measurement of photoemission spectra.
Both gas phase and liquid phase photoemission peaks are visible. For a correct fit and subtraction of the gas phase signal from the XPS spectra the gas phase was measured separately by moving the droplet train away from the entrance nozzle of the differentially pumped electrostatic lens.
The FWHM and relative binding energy differences from the pure gas phase peak fits were then kept constant in the fits of the combined liquid/vapor spectra.
The C1s peak in Fig. 3 of methanol in the solution is shifted by ~1.0 eV to lower binding energy (BE) from the gas phase methanol peak (note that the C1s gas phase peak is split due to vibrational excitations of the C-H stretching mode 45 ). In the O1s spectrum in Fig. 3 the methanol and water gas phase peaks are separated by 0.85 eV, in good agreement with literature values for the gas phase methanol and water BE difference. 37 The liquid phase methanol and water peaks overlap too closely to be deconvolved in the fit.
Gas phase peak binding energies in the literature are normally referenced to the vacuum level instead of the Fermi level of a metal reference sample. The gas phase BEs shown in the spectra in Fig. 3 differ from those found in the literature by a factor related to the difference in the work function of the spectrometer (4.6 eV) and of the surfaces that surround the measured gas volume, in our case the droplets and the entrance aperture of the electrostatic lens system (see inset in Fig. 1 ). The droplets are not in contact with ground, therefore they charge when irradiated by the beam, complicating the absolute binding energy calibration for solution peaks.
The positive charging of the droplets is partially compensated by electrons that are generated through gas phase ionization when the incident photon beam passes though the chamber atmosphere (about 1.5 cm total path length before hitting the droplets). Droplet charging can be reduced by reducing the incident photon flux and is on the order of +0.5 eV in the spectra shown in Fig. 3 .
From the fitted O1s methanol and water gas phase peak areas in Fig 3 we °C. 46 Due to the overlap in methanol and water liquid phase peaks the methanol/water ratio in the droplet cannot be directly determined from the O1s spectrum. Instead, this ratio is determined by the following method. First, the contribution of methanol to the O1s liquid phase peak is calculated by measuring the C1s methanol liquid phase peak and calculating its corresponding O1s liquid phase intensity using an experimentally-determined C1s/O1s sensitivity factor for each KE. This factor is obtained from the relative methanol C1s and O1s gas phase peak intensities measured at the kinetic energies used to depth profile the solution/vapor interface. Using these sensitivity factors, a depth-dependent methanol/water stoichiometry was calculated which is plotted in Fig. 4 . The dotted line in Fig. 4 marks the bulk molecular ratio of methanol/water (0.26) from the bulk concentration of a χ liquid = 0.21 methanol/water solution. At high kinetic energies (i.e. greater probing depth) the expected bulk value of methanol/water = 0.26 is approached, while the most surface-sensitive measurements show a clear enhancement in the methanol-to-water ratio of about a factor of 3 over the bulk value. This factor of 3 enhancement represents a lower limit for the concentration of methanol directly at the vapor/solution interface since XPS integrates from the surface into the bulk up to a depth that is determined mainly by the inelastic mean free path (IMFP) of the electrons in the material as well as the detection geometry (see below). The error bars in Fig. 4 arise from uncertainties in the fitting of the C1s spectra (the uncertainties in the fitted O1s spectra are much smaller due to the higher signal-to-noise ratio there). The error bars represent the standard deviation in the methanol/water ratio that arises from using either a 0.9 eV or 1.0 eV binding energy difference between the liquid and gas phase (ν=0) methanol peaks (the range of binding energy differences that was found in unconstrained fits of the C1s spectra at the various kinetic energies), and also from uncertainties in the background subtraction.
In order to compare these data with the results of molecular dynamics (MD) simulations 39 we need to determine the probing depth in our experiments as a function of electron kinetic energy. Because the IMFP of electrons in aqueous solutions is not well known we calculated the IMFP using the model by Tanuma 
